Pheromones are among the most important sexual signals used by organisms throughout the animal kingdom. However, few are identified in vertebrates, leaving the evolutionary mechanisms underlying vertebrate pheromones poorly understood. Pre-existing biases in receivers' perceptual systems shape visual and auditory signalling systems, but studies on how receiver biases influence the evolution of pheromone communication remain sparse. The lamprey Petromyzon marinus uses a relatively well-understood suite of pheromones and offers a unique opportunity to study the evolution of vertebrate pheromone communication. Previous studies indicate that male signalling with the mating pheromone 3-keto petromyzonol sulphate (3kPZS) may exploit a nonsexual attraction to juvenile-released 3kPZS that guides migration into productive rearing habitat. Here, we infer the distribution of male signalling with 3kPZS using a phylogenetic comparison comprising six of 10 genera and two of three families. Our results indicate that only P. marinus and Ichthyomyzon castaneus release 3kPZS at high rates. Olfactory and behavioural assays with P. marinus, I. castaneus and a subset of three other species that do not use 3kPZS as a sexual signal indicate that male signalling might have driven the evolution of female adaptations to detect 3kPZS with specific olfactory mechanisms and respond to 3kPZS with targeted attraction relevant during mate search. We postulate that 3kPZS communication evolved independently in I. castaneus and P. marinus, but cannot eliminate the alternative that other species lost 3kPZS communication. Regardless, our results represent a rare macroevolutionary investigation of a vertebrate pheromone and provide insight into the evolutionary mechanisms underlying pheromone communication.
Introduction
Organisms use a myriad of signals to communicate during reproduction (Andersson, 1994) . Communication systems are shaped by constraints on signal production, transmission and detection, as well as selective pressures imposed by inter-and intraspecific interactions (Bradbury & Vehrencamp, 1998; Stevens, 2013) . Selection for reproductive isolation can drive signal diversification (Pfennig & Pfennig, 2010) and, conversely, shifts in signals can result in speciation (Boughman, 2002) . The intimate link between sexual signalling and the origin and maintenance of species has made defining the mechanisms underlying signal diversity a major theme in evolutionary biology (Endler, 1992 (Endler, , 1993 .
The evolution of pheromone communication, particularly in vertebrates, remains poorly understood (Symonds & Elgar, 2008) . Pheromone communication is critical for reproduction in nearly all animals (Wyatt, 2014) , but research on the evolution of communication often focuses on visual or auditory signals, which are generally easier for humans to perceive. Phylogenetic comparisons of pheromone blends in insects have provided many insights into the evolutionary mechanisms underlying pheromone diversity (Symonds & Elgar, 2008; Steiger et al., 2011) . However, similar studies on vertebrates are often precluded by the lack of a fundamental understanding of signal identity and function. Notably, the identities and functions of pheromones employed by the sea lamprey Petromyzon marinus are increasingly well characterized, creating a unique opportunity to study macroevolutionary patterns of chemical signals in a vertebrate .
Petromyzon marinus use conspecific chemical cues and pheromones to search for spawning habitat and mates (Teeter, 1980) . The odour of stream-resident larvae guides adult migration from lakes or the Atlantic Ocean into streams with habitat conducive to spawning and larval rearing (Vrieze & Sorensen, 2001; Wagner et al., 2009) . Upon reaching the final stages of sexual maturation, males release a multicomponent pheromone composed of the major component 7a, 12a, 24-trihydroxy-5a-cholan-3-one-24-sulphate (3-keto petromyzonol sulphate; 3kPZS). 3kPZS is synthesized and released at high rates (Siefkes et al., 2003; Brant et al., 2013) , detected with high specificity and sensitivity (Siefkes & Li, 2004) and guides female movement upstream to nests (Li et al., 2002; Siefkes et al., 2005; Johnson et al., 2009) .
Female preference for 3kPZS may have originated through a pre-existing receiver bias (Buchinger et al., 2013) . Pre-existing biases in the receiver's sensory (sensory exploitation; Ryan et al., 1990) or cognitive (sensory trap; Christy, 1995) systems can direct the evolution of communication systems (Ryan & Cummings, 2013) . For example, female responses to food cues are exploited by males in many taxa (Proctor, 1991; Rodd et al., 2002; Garcia & Ramirez, 2005; Mart ın & L opez, 2008; Kolm et al., 2012) . Receiver biases are generally supported by evidence that (i) the response is shaped by natural selection rather than sexual selection, and (ii) the response evolved prior to the signal. In P. marinus, a nonsexual female preference for 3kPZS appears to have evolved in the context of prespawning migrations; 3kPZS is a component of larval odour, which guides prespawning adults into productive rearing habitat, and elicits upstream movement in migratory females (Brant et al., , 2016 . Furthermore, Ichthyomyzon unicuspis, the only lamprey other than P. marinus in which the role of 3kPZS has been evaluated, uses 3kPZS as a nonsexual migratory cue released by larvae but not a sexual signal released by males (Buchinger et al., 2013) . Specifically, 3kPZS elicits general upstream movement in I. unicuspis, as observed in migratory P. marinus, but does not elicit the targeted near-source preferences observed in spawning P. marinus. Furthermore, male I. unicuspis do not release 3kPZS at rates high enough to create a detectable plume in natural streams (Buchinger et al., 2013) . Taken together, the evidence for a nonsexual migratory function of 3kPZS and lack of sexual signalling with 3kPZS in I. unicuspis indicates that release of 3kPZS by male P. marinus may exploit a pre-existing receiver bias in females.
Here, we use a broad phylogenetic comparison of 3kPZS communication to infer the distribution of male signalling with 3kPZS. Specifically, we determined male release of 3kPZS in eleven species, representing six of ten genera and two of three families. Furthermore, we determined the olfactory and behavioural responses to 3kPZS in a subset of four species that allowed for comparisons among species that use 3kPZS as a sexual signal and others that do not. Our results provide a further investigation of the potential role of a sensory trap in the evolution of 3kPZS communication and represent, to our knowledge, the most comprehensive macroevolutionary study of a vertebrate pheromone.
Materials and methods

Experimental animals
All experimental approaches and animals were used with approval from the Institutional Animal Use and Care Committee (Approval #'s 4/10-043-00, 02-13-040-00). Adult lampreys were collected using traps, backpack electroshocking, fyke nets or by hand (Table 1) . Species were identified following described methods (Renaud, 2011) . Sexual maturity was determined based on the expression of eggs (ovulation) or milt (spermiation) upon gentle manual pressure. Our goal was to compile as comprehensive of a data set as possible, but we especially sought to sample male signalling in species from as many genera as possible as this provided the most information regarding the evolution of sexual signalling with 3kPZS. Olfactory recordings and behavioural assays required more animals and resources; hence, we selected species that were available, including species that communicate with 3kPZS and others that do not.
Release of 3kPZS
To determine which lampreys signal with 3kPZS, the release of 3kPZS by sexually mature males into holding waters was determined for 11 species. All lampreys were held in aerated tanks prior to sampling, except Geotria australis, which were sampled immediately after collection from spawning nests. For all species, a single male was held in 5 L of aerated water for 2 h, after which water was sampled, spiked with 5-deuterated 3kPZS as an internal standard and stored at less than À20°C for subsequent analysis. Control samples were also collected using the same methods, but with no lamprey held in the water. Water samples were either 50, 250 or 1000 mL, and spiked with 5 or 50 ng of internal standard, as result of changing analytical techniques throughout sampling years. Regardless of sample volume, a 10-mL subsample from each water sample was freeze-dried using a CentriVap Cold Trap with CentriVap Concentrator (Labconco Co., Kansas City, MO, USA) and reconstituted in 100 lL HPLC-grade methanol and water (v : v 1 : 1). Concentrated samples were subjected to ultrahigh-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS, Waters Acquity H-Class ultraperformance liquid chromatography system, Waters, Milford, MA, USA, and a Xevo-TQS tandem quadruple mass spectrometer, Waters, interfaced by an electrospray ionization source operated in negative mode) following described methods (Li et al., 2011) . Wilcoxon rank-sum tests were used to determine whether the concentrations of 3kPZS in male samples were higher than those in the respective control samples (one-tailed, a = 0.05), and if so, a pair-wise Wilcoxon rank-sum test (two-tailed, a = 0.05) with a Benjamini & Hochberg (1995) adjustment was used to evaluate differences in 3kPZS release rates between species. Release rates were standardized by the weight of individuals (Table 1) as weight-standardized release rates are more effective at capturing differences in pheromone communication systems among species that vary in size. We determined the release of 3kPZS for 4-27 individual males per species, depending upon availability (Table 1) .
Olfactory responses to 3kPZS
Electro-olfactogram (EOG) recordings were used to determine the olfactory sensitivity of I. unicuspis, I. fossor, I. castaneus and Lethenteron appendix to 3kPZS. EOG recordings were conducted on four to six individuals. Sexually immature male and female lampreys were anesthetized using 3-aminobenzoic acid ethyl ester (50 mg L À1 ; MS222; Sigma, St. Louis, MO, USA), immobilized with an intramuscular injection of gallamine triethiodide (1 mg kg À1 ; Sigma) and secured in a Plexiglas trough, whereas their gills were continuously perfused with aerated water containing anaesthetic. Prespawning lamprey was used because measuring olfactory sensitivity with EOG recordings becomes less robust as lampreys become sexually mature (Li, 1994) , which is likely a result of lamprey nearing the end of their life. After removing a small section of skin covering the naris, borosilicate electrodes filled with 0.04% agar in 0.9% saline and connected to solid-state electrodes with Ag/AgCl pellets in 3 M KCl were placed between olfactory lamellae (recording electrode) and on the skin near the naris (reference electrode). The olfactory epithelium was continuously perfused with tap water via a capillary tube except when an odorant was introduced for 5 s. Electrical signals resulting from odorant detection were measured, filtered and amplified using a NeuroLog filter and preamplifier (Digitimer Ltd., Hertfordshire, UK), integrated using a 1550 Digidata system (Molecular Devices, Sunnyvale, CA, USA) and analysed on a PC with AxoScope 10.4 software (Molecular Devices). The olfactory sensitivity with which lamprey detected 3kPZS and 3a,7a,12a,24-tetrahydroxy-5a-cholan-24-sulphate (petromyzonol sulphate, PZS), a structurally similar compound released by larval lampreys (Fine et al., 2004) , was evaluated by determining concentration-response curves. The lowest concentration at which responses to a stimulus were significantly larger than those to a control of charcoal-filtered tap water (paired t-test, a = 0.05) was considered to be the threshold of detection (Siefkes & Li, 2004) . Responses were normalized by the response to L-arginine at 1 9 10 À5 M, based upon previous EOG recordings on sea lamprey (Li et al., 1995) .
Cross-adaptation experiments (Caprio & Byrd, 1984) were used to determine whether the 3kPZS-specific receptor mechanisms documented in P. marinus (Siefkes & Li, 2004) are conserved across lamprey species. Larvae release both 3kPZS and PZS (Buchinger et al., 2013; Brant et al., 2015) , but male P. marinus only release large quantities of 3kPZS (Brant et al., 2013) . Hence, species using 3kPZS as a larva-released migratory cue, such as I. unicuspis, might not need to discriminate between 3kPZS and PZS, whereas species using 3kPZS as a male-released sex pheromone likely need detection mechanisms specific for 3kPZS. During cross-adaptation experiments, we recorded the responses to 3kPZS when the epithelium was adapted to PZS and responses to PZS when the epithelium was adapted to 3kPZS. Experiments began with recording the responses to the adapting stimuli at concentrations that elicited responses approximately equipotent to one another, 1 9 10 À8 M 3kPZS and PZS in I. fossor, I. castaneus and L. appendix, and 1 9 10 À7 M 3kPZS and PZS in I. unicuspis. Next, olfactory responses were recorded when the epithelium was saturated with PZS and exposed to (i) 29 PZS (self-adapted control; SAC), and (ii) 19 PZS + 19 3kPZS (Mix), and saturated with 3kPZS and exposed to (i) 29 3kPZS, and (ii) 19 3kPZS + 19 PZS. The responses to the SAC and the Mix were normalized by the response to the adapting stimuli and evaluated for differences using paired t-tests (a = 0.05). A difference between the response to the SAC and the Mix indicates the odours are detected by separate olfactory mechanisms and hence different odorants.
Behavioural responses to 3kPZS
Near-source behavioural preferences of sexually mature males and females for 3kPZS were evaluated using twochoice mazes (Li et al., 2002; Buchinger et al., 2013) . Petromyzon marinus and I. unicuspis exhibit general upstream attraction to 3kPZS during migration but do not orient towards the source (within~1 m 2 ) of 3kPZS as do P. marinus during mate search (Li et al., 2002; Buchinger et al., 2013; Brant et al., 2015) . Hence, our assay only detected the near-source preference exhibited in the sexual context of searching for spawning males. This contrasts with the nonsexual migratory response to larval odour, which enables females to orient towards streams that contain suitable rearing habitat, but not to the exact~1-m position of larvae. Behavioural preferences for 3kPZS were evaluated in I. unicuspis, I. castaneus, I. fossor and L. appendix. The same behavioural assay and protocol were used for each species. All lampreys were transported from aerated laboratory tanks to streams prior to experiments. Twochoice mazes were constructed adjacent to Nagel Creek in 2010 and the Little Ocqueoc River in 2013 and 2015, both located in Presque Isle County, MI, USA. Experiments were conducted during 3 months (May, June and July): 2010, 2013 and 2015 for I. castaneus; 2010 and 2015 for I. fossor; and 2010 for I. unicuspis and L. appendix. Mazes were scaled to the size of the species being tested (Buchinger et al., 2017a) ; I. castaneus and I. unicuspis were tested in a maze 0.59 the size of that used for P. marinus; and I. fossor and L. appendix were tested in a maze 0.259 the size of that used for P. marinus.
Assays for all species had the same depth (0.17 m) and water velocity (0.07 m s À1 ). An experiment began with the placement of a single lamprey into the furthest downstream point of the maze. After 10-min acclimation, the time (s) the lamprey spent in each channel was recorded, whereas no odour was applied. After 20 min of prestimulus recording, 3kPZS dissolved in methanol and water (v : v 1 : 1) was diluted in 5 L and applied at 200 mL min À1 into the maze to achieve a concentration of 1 9 10 À12 M. 3kPZS was introduced to a random side, along with a 50% methanol control vial to the opposing side. The 3kPZS concentration of 1 9 10 À12 M was used to be consistent with previous studies (Buchinger et al., 2013) . After the prestimulus observation, 3kPZS was pumped into one side of the maze for 5 min without recording the lamprey's behaviour to allow the odour to disperse fully throughout the assay. After 5 min, time (s) the lamprey spent in each channel was recorded for another 20 min. At the conclusion of a trial, we had recorded the time spent in the control and experimental channels before odour application (bc, be) and after odour application (ac, ae). We then calculated an index of the change in time spent in the control (ac/[ac + bc]) and experimental (ae/[ae + be]) channels before and after odour application. A Wilcoxon's signed-rank test was used to evaluate the difference between these values for the channel treated with 3kPZS vs. methanol (a = 0.05; Li et al., 2002) . Depending upon availability, 10-20 individual lampreys were tested in behavioural assays.
Results
Release of 3kPZS
Only samples from I. unicuspis, I. castaneus, P. marinus and Entosphenus tridentatus had higher concentrations of 3kPZS than respective control samples (one-way Wilcoxon ranksum tests; I. unicuspis P = 0.003; I. fossor P = 0.99; I. castaneus P < 0.001; P. marinus P < 0.001; E. tridentatus P = 0.003; L. appendix P = 0.86; L. camtschaticum P = 0.88; L. reisneri P = 0.64; L. morii P = 0.85; L. aeryptera P = 0.86). 3kPZS was not detected in samples from G. australis. The concentration of 3kPZS in control samples across all species was 0.030 AE 0.009 ng mL À1 (n = 88; mean AE SE). Rates of 3kPZS release by P. marinus and I. castaneus were similar (two-way Wilcoxon rank-sum with Holm adjustment; P = 1.0), and higher than those by I. unicuspis or E. tridentatus (P. marinus vs. I. unicuspis P = 0.03; P. marinus vs. E. tridentatus P = 0.001; I. castaneus vs. I. unicuspis P = 0.016; I. castaneus vs. E. tridentatus P = 0.003; E. tridentatus vs. I. unicuspis P = 1.0; Fig. 1 ).
Olfactory responses to 3kPZS
All species tested exhibited olfactory responses to 3kPZS and PZS. Responses to the L-arginine standard were similar
to those reported for P. marinus (mean AE SE: I. unicuspis = 0.79 AE 0.15 mV, n = 4; I. fossor = 1.51 AE 0.12 mV, n = 6; I. castaneus = 1.26 AE 0.11 mV, n = 4; L. appendix = 2.3 AE 0.51 mV, n = 6), as were the responses to the control stimuli (mean AE SE: I. unicuspis = 24.0 AE 9.4%; I. fossor = 14.1 AE 4.6%; I. castaneus = 15.5 AE 1.0%; L. appendix = 18.7 AE 3.3%, % arginine standard; Siefkes & Li, 2004) . Concentration-response curves for 3kPZS and PZS were exponentially shaped, and the thresholds of detection ranged from 10 À8 to 10 À15 M (Fig. 2a-c) . Concentration-response curves confirm that 3kPZS and PZS are potent odorants, and indicate the compounds may be important to the chemical ecology of all lamprey species tested.
Cross-adaptation experiments indicated that I. unicuspis and I. fossor detect 3kPZS with olfactory mechanisms that also detect PZS, and hence are less specific than species that use 3kPZS as a sexual signal ( Fig. 2d-f ; Siefkes & Li, 2004) . I. unicuspis, I. fossor, I. castaneus and L. appendix responded to the mixture of 3kPZS and PZS when the olfactory epithelium was saturated with 3kPZS (I. unicuspis t 3 = À5.21, P = 0.014; I. fossor t 4 = À5.43, P = 0.006; I. castaneus t 3 = À4.28, P = 0.023; L. appendix t 3 = À3.48, P = 0.04), indicating that PZS is detected with olfactory mechanisms that are not used to detect 3kPZS. Similarly, I. castaneus and L. appendix responded to the mixture of 3kPZS and PZS when the olfactory epithelium was saturated with PZS (I. castaneus t 3 = À5.92, P = 0.01; L. appendix t 3 = À3.7, P = 0.034), indicating that 3kPZS is detected with olfactory mechanisms independent of those that detect PZS. Conversely, responses to the mixture of 3kPZS and PZS in I. unicuspis and I. fossor were diminished upon saturation of the olfactory epithelium with PZS (I. unicuspis t 3 = 1.49, P = 0.23; I. fossor t 4 = À0.81, P = 0.46), indicating that 3kPZS is not detected by olfactory mechanisms distinct from those that detect PZS. The nonreciprocal results from cross-adaptation experiments indicate that all species have olfactory mechanisms for PZS that are distinct from those for 3kPZS, but I. unicuspis and I. fossor do not detect 3kPZS with olfactory mechanisms that are distinct from those that detect PZS.
Behavioural responses to 3kPZS
Two-choice behavioural experiments indicated that of the species tested only I. castaneus exhibit near-source preferences for 3kPZS (Table 2) . Spermiated male and ovulated female I. castaneus preferred the channel of the bioassay treated with 3kPZS (Wilcoxon signed-rank test; male P = 0.05, female P = 0.01). The index of preference calculated for sexually mature male and female I. unicuspis, I. fossor and L. appendix was not influenced by 3kPZS (Wilcoxon signed-rank test; I. unicuspis male P = 0.1; I. fossor male P = 0.27, female P = 0.17; L. appendix male P = 0.91, female P = 0.77; Table 2 ).
Discussion
Our results indicate sexual communication with 3kPZS is specific to the clade comprising Petromyzon and Ichthyomyzon (Fig. 3) . Only P. marinus and I. castaneus released 3kPZS at rates high enough to yield concentrations detectable in natural streams (Buchinger et al., 2013) . Male signalling in P. marinus and I. castaneus corresponded to near-source attraction relevant for mate search and olfactory mechanisms that discriminate 3kPZS from PZS, which contrast with a lack of nearsource attraction in species that did not release 3kPZS at high rates and, in two species, less specific olfactory mechanisms.
We suggest that the nonsexual migratory role of 3kPZS is conserved among lampreys based upon our and others' results. The chemicals released by larvae that guide migration, including 3kPZS (Robinson et al., 2009; Yun et al., 2011; Buchinger et al., 2013; Brant et al., 2015 Brant et al., , 2016 , appear shared among lampreys (Fine et al., 2004; Stewart & Baker, 2012) . Indeed, all species tested detected 3kPZS, including those that do not use 3kPZS as a sexual signal (Siefkes & Li, 2004; Robinson et al., 2009; Yun et al., 2011) . Release by larvae and olfactory sensitivity to 3kPZS, however, are only indirect evidence for a role in guiding behaviour. Hence, although the data from our study and previous studies are consistent with a conserved migratory cue, a more comprehensive behavioural investigation is needed. Fig. 1 The release of 3-keto petromyzonol sulphate (3kPZS; ng g À1 h
À1
) into the water by sexually mature male Entosphenus tridentatus, Ichthyomyzon castaneus, I. unicuspis and Petromyzon marinus, the only species with concentrations of 3kPZS higher in male samples than controls. Letters represent significant differences as determined using a pair-wise Wilcoxon rank-sum test (a = 0.05) with a Benjamini & Hochberg (1995) adjustment for multiple comparisons. Bars represent the median, boxes the interquartile range, and outliers are identified as points outside 1.59 the interquartile range.
Our data indicate either two independent gains of 3kPZS communication or one gain and one loss. Parsimony, with gains and losses weighted equally (Wagner, 1961) , supports either a gain of sexual communication with 3kPZS in the common ancestor of Petromyzon and Ichthyomyzon followed by a loss of 3kPZS communication in I. unicuspis and I. fossor, or independent gains of 3kPZS communication in P. marinus and I. castaneus. We postulate that 3kPZS communication evolved independently in P. marinus and I. castaneus. The alternative that 3kPZS communication was lost in I. unicuspis seems unlikely given their detection mechanisms for 3kPZS and behavioural responses to 3kPZS. I. unicuspis cue onto 3kPZS released by larvae to locate suitable rearing habitat during their migration (Buchinger et al., 2013) , but do not detect 3kPZS with olfactory mechanisms distinct from those used to detect PZS. A loss of distinct olfactory mechanisms for 3kPZS due to relaxed selective pressures in I. unicuspis is unlikely, as 3kPZS seems to be an important migratory cue. Furthermore, if some selective force acted against 3kPZS communication in I. unicuspis, perhaps hybridization with 3kPZS-signalling P. marinus or I. castaneus (Piavis et al., 1970) , I. unicuspis would conceivably exhibit a negative or neutral response to 3kPZS rather than the observed positive response mediated by a less-specific detection mechanism. Independent gains of 3kPZS communication in P. marinus and I. castaneus seem plausible as the detection mechanisms, a nonsexual preference and the production and release mechanisms were likely already present (Buchinger et al., 2013) . Sexual selection needed only drive the strengthening of existing female preferences and exaggeration of existing male traits. However, sexually selected male traits have been lost in many taxa (Wiens, 2001) , so further investigations into the underlying mechanisms of 3kPZS release and 3kPZS = response to 29 3kPZS when adapted to 3kPZS, PZS = response to 29 PZS when adapted to PZS, mix = response to 3kPZS + PZS. Asterisks indicate a significant difference as determined with a paired t-test (a = 0.05). Error bars represent the standard error of the mean. I. fossor, a close relative and possibly nonparasitic ecotype of I. unicuspis (Docker et al., 2012) , exhibited similar olfactory responses as I. unicuspis.
detection in P. marinus and I. castaneus are needed to lend further support to either convergence or parallelism rather than loss in I. unicuspis. The hypothesis that a receiver bias shaped the evolution of 3kPZS communication is supported by the existing data but should nonetheless be considered bearing some scepticism. The most conclusive lines of evidence for a receiver bias are (i) a demonstrated response to the trait formed under natural selection rather than sexual selection, and (ii) a phylogenetic reconstruction that indicates the preference arose before the male signal (Proctor, 1991) . The evidence that larval lamprey releases 3kPZS and adult lamprey orient towards 3kPZS during migration offers strong support that female lampreys respond to 3kPZS in a nonsexual context (Buchinger et al., 2013; Brant et al., 2016) . However, the uncertainty of whether 3kPZS communication was lost by I. unicuspis or evolved independently in P. marinus and I. castaneus creates ambiguity in the support of the phylogenetic reconstruction for the receiver bias hypothesis. If, contrary to our prediction, I. unicuspis lost 3kPZS communication, then the evidence that the nonsexual preference for 3kPZS predates male signalling is weak. Together with further investigations into the mechanisms of 3kPZS detection in P. marinus, I. castaneus and I. unicuspis, a broader evaluation of the nonsexual behavioural response to 3kPZS will allow a stronger test of the receiver bias hypothesis.
Receiver biases might also explain the repeated evolution of pheromone signalling systems in other taxa. Many selective pressures on communication systems are shared among taxa and, as a result, signalling tactics are often similar (Endler, 1992 (Endler, , 1993 . In some cases, receiver biases have led to the repeated evolution of signalling systems, such as the many carotenoid-based signals (Endler, 1984; Hill & McGraw, 2006 ) that probably exploit pre-existing preferences for forage items (Rodd et al., 2002; Smith et al., 2004) . Indeed, a receiver bias seems to have driven the convergent evolution of carotenoid signalling in widowbirds and bishops Euplectes species (Prager & Andersson, 2010; Ninnes & Andersson, 2014; Ninnes et al., 2015) . Pheromone communication might seem less likely to exhibit convergence or parallelism due to the intricate mechanisms of signal production and detection, but reports of repeated evolution of communication with similar molecules in various taxa indicate otherwise (Kelly, 1996; Wyatt, 2014) . Many insects, whose pheromone communication systems are some of the best understood, are homoplastic in the use of pheromones that may exploit responses to plant odours (Birch et al., 1990; Wyatt, 2014; St€ okl & Steiger, 2017) . As others correctly note (Birch et al., 1990; Wyatt, 2014) , selection may favour the use of similar pheromones because of their efficient biosynthesis and transmission, and research on pheromone homoplasy should consider constraints on signallers and receivers.
Preferences that arise in different taxa through similar receiver biases might not have the same ecological function. For example, a shared pre-existing preference for sword ornaments guides mate choice for swordtails (Basolo, 1990 (Basolo, , 1996 and predation for Mexican tetras (Rosenthal et al., 2001) . Likewise, similar plant-derived odorants guide sexual behaviours in some insects and aggregation or defence behaviours in others (Reddy & Guerrero, 2004; Wyatt, 2014) . In lamprey, preference for 3kPZS is hypothesized to have originated in the nonsexual context of migration (Buchinger et al., 2013; Brant et al., 2016) , but our results and the reproductive tactics of P. marinus and I. castaneus indicate different ecological functions of 3kPZS communication. Male P. marinus aggressively defend nests against other males, presumably resulting in strong selective pressure on individual males to signal to females (Buchinger et al., 2013) . However, I. castaneus, as most lampreys, spawn in mixed-sex aggregations in which individual males share the burden of attracting females and likely face strong sperm competition . Competition between males via pheromones is unlikely because the costs and benefits of attracting mates to a nest are shared among males, and females are likely unable to track the odour of individual males within the close proximity of a nest. Furthermore, we found that, unlike in P. marinus, attraction to 3kPZS during spawning is sexually monomorphic in I. castaneus. The function of male attraction to male-released 3kPZS is unknown, but may include eavesdropping on other males in an effort to locate females or an increase in reproductive success when spawning with a group of males, possibly through an enhanced composite signal (Otte, 1974) . Regardless, communal spawning in †P-values were determined using Wilcoxon signed-rank tests, which evaluated the difference between the time spent in the 3kPZS and control channels after adjusting for the distribution of time spent on either side before any odour was applied. ‡Data from Buchinger et al. (2013) .
I. castaneus and the sexually monomorphic preference for 3kPZS indicate that, in I. castaneus, 3kPZS facilitates aggregation of males and females rather than directly influencing female choice of males. Why male I. unicuspis do not exploit female preference for 3kPZS remains unclear. Ninnes et al. (2015) discuss genetic, ecological and social constraints that might preclude exploitation of a bias for red in some widowbirds and bishops. Genetic constraints are unlikely as I. unicuspis already detect and respond to 3kPZS, and are able to produce and release 3kPZS (Buchinger et al., 2013) . Likewise, the ecological constraint of diet cannot explain the lack of 3kPZS signalling in I. unicuspis because their prey are similar to those of P. marinus and I. castaneus, and the synthesis of bile acids such as 3kPZS is generally not affected by diet (Buchinger et al., 2014) . Our discovery that I. castaneus signal with 3kPZS does not support the hypothesis that communally spawning males, such as I. castaneus and I. unicuspis, face little selective pressure to signal to females (Buchinger et al., 2013) . The small size of I. castaneus compared to I. unicuspis (~40% smaller by weight; Table 1 ) may place selective pressure on individual males to produce a large pheromone signal, as is observed in sea lamprey (Buchinger et al., 2017b) and other species (Bee et al., 2000) . Male signalling with 3kPZS in I. unicuspis might also be constrained by maladaptive social interactions with heterospecifics such as mating with P. marinus or I. castaneus. We suggest that ecological and social constraints restrict male signalling with 3kPZS in I. unicuspis, but a more definitive explanation requires a better understanding of pheromone signalling in lampreys with different life history strategies.
Sensory traps are implicated as the mechanism of signal origin in many taxa (Ryan & Cummings, 2013) , but few studies have examined female evolution following male exploitation (Rodr ıguez, 2009 ). Female preferences are predicted to remain the same or become stronger if they yield a net benefit across the nonsexual (Lang et al., 2009; Potter et al., 2015) illustrating 3-keto petromyzonol sulphate (3kPZS) communication traits examined in this study. All genera of lamprey are included, but species are indicated only for those species sampled. Squares represent olfactory sensitivity to 3kPZS, circles represent a nonsexual preference for 3kPZS, rectangles represent male signalling with 3kPZS, and triangles represent female sexual preferences for 3kPZS. Black fill indicates the presence of a trait, white indicates absence of a trait. The absence of a shape indicates that data were not available for that taxon. Asterisks indicate species for which some data were previously published. Behaviour and signalling for Ichthyomyzon unicuspis were determined by Buchinger et al. (2013) , olfactory sensitivity, behaviour and signalling for Petromyzon marinus were determined by Li et al. (2002) and Brant et al. (2015 Brant et al. ( , 2016 , and olfactory sensitivity of Entosphenus tridentatus was determined in Robinson et al. (2009) and Yun et al. (2011) . Families of lamprey are indicated on the right. Note that the classification of L. morii remains disputed, and Potter et al. (2015) considers the species to be Eudontomyzon. and sexual contexts (Kim et al., 2007) , weaken if responding in the sexual context yields a net cost (Arnqvist, 2006) or become context-dependent if selection acts independently between contexts (Garcia & Ramirez, 2005) . Lampreys seem to exhibit contextdependent strengthening of female preferences following male exploitation with 3kPZS signalling. More migratory P. marinus and I. unicuspis move upstream when 3kPZS is applied than when no odour is applied, but they do not move within close proximity (1 m 2 ) to the application point of 3kPZS (Buchinger et al., 2013; Brant et al., 2015 Brant et al., , 2016 nor are they attracted to 3kPZS in confined two-choice mazes (Siefkes et al., 2005) . In contrast, spawning P. marinus locate the exact point at which 3kPZS is applied (within~1 m 2 ) and both P. marinus and I. castaneus are attracted to 3kPZS in confined two-choice mazes (Siefkes et al., 2005 ; current study). Hence, the nonsexual response to 3kPZS is a nontargeted upstream movement relevant to orientation into the productive larval habitat, but the response observed in spawning-phase P. marinus and I. castaneus, the two species in which males signal with 3kPZS, is a targeted attraction to the odour source relevant to mate search. The strengthening of the preference for 3kPZS indicates that the hypothesized sensory trap is mutually adaptive for males and females during spawning. Interestingly, female P. marinus respond to male odour but not larval odour during spawning, despite both odours containing 3kPZS (Brant et al., 2016) . Behavioural discrimination between larval-released 3kPZS and male-released 3kPZS is likely adaptive due to costs of orienting towards larvae when searching for mates. We speculate that the observed differences in 3kPZS detection mechanisms between species that communicate with 3kPZS and others that do not might contribute to discrimination between larval and male odours. Notably, the results from I. unicuspis, I. fossor, I. castaneus and P. marinus support the hypothesis that olfactory discrimination between 3kPZS and PZS is associated with the sexual function of 3kPZS, but the results from L. appendix do not, as it has the olfactory capability to discriminate between 3kPZS and PZS but does not exhibit a sexual response to 3kPZS. Regardless, continued study of sea lamprey pheromones might prove especially enlightening because other species that evolve context-dependent responses after male exploitation do so through a loss of the response in the nonsexual context (Garcia & Ramirez, 2005) rather than using additional cues to respond appropriately in both the nonsexual and sexual contexts.
In conclusion, our results provide a rare glimpse of signal evolution through the perspective of pheromone communication. Reports on other vertebrate taxa, such as rodents (Emes et al., 2004) and salamanders (Palmer et al., 2007 (Palmer et al., , 2010 Janssenswillen et al., 2014) , provide important insights to pheromone evolution at the molecular level, but comparative tests of pheromone release and responses across vertebrate taxa are few (Symonds & Elgar, 2008) . Even in insects, most evolutionary studies focus on transitions of pheromone mixtures across taxa (Roelofs et al., 2002; Symonds & Elgar, 2004; Symonds & Wertheim, 2005; Van Wilgenburg et al., 2011) rather than the origins of pheromone communication systems (but see St€ okl & Steiger, 2017) . Additional research on the chemical communication systems of lampreys will continue to unveil the evolutionary mechanisms underlying pheromone communication, which is generally neglected compared to other sensory modalities (Coleman, 2009 ).
